Using resonant two-step laser excitation of trapped 232 Th + ions, we observe 166 previously unknown energy levels of even parity within the energy range from 7.8 to 9.8 eV and angular momenta from J = 1/2 to 7/2. We also classify the high-lying levels observed in our earlier experiments by the total angular momentum and perform ab-initio calculations to compare their results with the observed level density. The observed levels can be relevant for the excitation or decay of the 229m Th isomeric nuclear state which lies in this energy range. The high density of electronic levels promises a strongly enhanced electronic bridge excitation of the isomer in 229 Th + .
I. INTRODUCTION
The atomic structure of thorium, the third-heaviest naturally occurring element, has been a subject of study because of applications in various fields. With four valence electrons in neutral Th and strongly mixed 5f, 6d, 7s and 7p configurations the atomic spectrum is dense and complex [1] . The high density of lines makes thorium discharge lamps suitable for the calibration of spectrographs over wide spectral ranges, for example in astronomical observatories [2, 3] . In a recent analysis of the spectra of Th, Th + and Th 2+ , Ritz wavelengths of about 20000 lines are given together with 787 energy levels of Th and 516 of Th + [3] . In our earlier work [4] on Th + we have seen the onset of repulsion in the energy spacing between levels of identical parity and angular momentum, as it is expected for strong configuration mixing, leading to the appearance of chaotic quantum dynamics [5] .
Work on excited states in Th + is motivated by the search for laser excitation of the 229m Th nuclear isomer at 7.8 eV excitation energy. This energy has been inferred from γ-spectrocopy [6, 7] with an uncertainty σ = 0.5 eV, that is large on the scale of optical spectroscopy. No direct optical spectroscopy of the nuclear transition has been possible so far. Since the electronic level density in this energy range is high, it can be expected that laser excitation of the isomer and radiative decay are dominated by so called electronic bridge processes, where the electron shell enhances the coupling of the nucleus to the radiation field [8] [9] [10] [11] , determined by the detuning between nuclear and electronic resonance. Therefore it is likely to find strong enhancement in a system with high electronic level density. A tentative experimental indication of this mechanism could be conjectured from the observation of a strongly reduced lifetime of the isomer in Th + in comparison to Th 2+ and Th 3+ [12] . In a previous publication [4] 44 unknown energy levels of Th + were reported within the energy range from 7.3 to 8.3 eV, obtained from two-step laser excitation of trapped Th + ions. Extending this study, we present here 166 additional levels of even parity up to 9.8 eV energy and classify these and the levels reported earlier according to their total angular momentum. In order to excite different configurations and different values of the angular momentum, 15 different intermediate levels are used as first excitation steps from the ground state. Figure 1 gives a schematic overview of the excitation schemes and Table I lists the leading electronic configurations of the intermediate levels used in our experiments. FIG. 1. Two-step laser excitation scheme in Th + , starting from the ground state through different odd-parity intermediate levels (middle panel) to high-lying levels within the indicated energy ranges (upper panel). Levels are labeled by their energy in cm −1 and their total angular momentum J.
The range of excitation energy that is investigated here covers more than 2σ above the 229m Th isomer energy of 7.8(5) eV, but is still well below the ionization potential of Th + of 12.1(2) eV [4] . A further increase in level density by up to a factor ten has been predicted in approaching the ionization energy [15] . Multi-configurational DiracFock (MCDF) ab-initio calculations are used to estimate the level density in the range of the excitation energy of the nuclear isomer. 
II. EXPERIMENTAL
For the experiments we use a linear Paul trap with the capacity to store up to 10 6 232 Th + ions, described in Ref. [16, 17] . The trap is loaded by ablating a metallic 232 Th target using a Nd:YAG laser emitting 5 ns pulses with an energy of ≤1 mJ at 1064 nm. Argon buffer gas at 0.1 Pa pressure is used to cool the trapped ions to room temperature and to depopulate metastable states by collisional quenching [16, 17] . We dissociate Th + molecular compounds which are formed in the trap with impurities of the buffer gas (see [4] ) with the 4 th harmonic radiation of a Q-switched solid state laser at 266 nm and a pulse energy of ≈10 µJ.
The search of new levels is carried out by a two-step excitation: An odd-parity intermediate level (see Tab. I) is excited from the ground state and the radiation frequency of a second laser is tuned over a wide frequency range to excite unknown even-parity high-lying levels from the intermediate level. A scheme of the experimental setup is shown in Fig. 2 . The first excitation step is provided by the radiation of a second harmonic (SHG) or third harmonic generation (THG) of a pulsed Ti:Sa laser (TU model, Photonics Industries). For the second excitation step we use the radiation of a THG of a second pulsed Ti:Sa laser (Credo, Sirah Lasertechnik).
Both lasers emit synchronized pulses with a duration of ≈20 ns and a repetition rate of 1 kHz. The beam diameters of both lasers, which are matched at the position of the ions in the linear Paul trap, are ≈1 mm and the peak powers used in the experiment are up to 0.1 kW, which corresponds to intensities of 10 kW/cm 2 . The wavelengths of both lasers are measured by a Fizeauwavemeter (HighFinesse/Angstrom WS-7). The first laser wavelength is stabilized to the center of the Dopplerbroadened line of one of a set of selected intermediate levels by a computer-based locking scheme using the wavemeter readout. The second laser is tunable by controlling an intracavity diffraction grating and simultaneously adjusting the orientation of the frequency conversion crystals. The third harmonic radiation is tuned in the range from 240 to 293 nm at a tuning rate of 0.001 nm/s in frequency steps of ≈500 MHz (0.1 pm) or ≈100 MHz for fine scans. In the search for new levels we determine the line center of each transition by repeated fine scanning over the line.
For the detection of the fluorescence decay of the highlying electronic levels we use two photomultiplier tubes (PMT) for different spectral ranges. Photons are detected in the range from 300 to 650 nm with a PMT which is equipped with a long-pass edge interference filter to block laser stray light from the Ti:Sa laser pulses. A second PMT is used for the detection of VUV photons in the wavelength range from 115 to 230 nm. Fast gated integrators are used to evaluate the PMT signals during a detection window of 100 ns, starting after the excitation pulses. Counters are used to detect photons in the interval from 1 to 10 µs after the excitation pulses.
We try to excite each observed level via several intermediate levels with different values of the angular momentum (see Tab. 1) to confirm them as high-lying levels and determine their total angular momenta.
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III. NEWLY OBSERVED LEVELS
Within the search scans we not only observe direct twostep excitation to high-lying levels, but also single-photon transitions originating from the ground state, thermally populated metastable levels (up to 4490 cm −1 ) and levels populated by a decay of the intermediate level (N-scheme transition). Most of these transitions can be identified based on the existing energy level database [13] . In order to unambiguously identify new levels at an excitation energy corresponding to the sum of the two laser photon energies, we require to observe the excitation via at least two intermediate levels.
Excitation of a high-lying level is inferred by observing either fluorescence at a wavelength different from of the excitation wavelength, depletion of fluorescence from the decay of the intermediate level or a loss of ions because of resonance-enhanced three-photon ionization, see Fig. 3 . Due to the high pulse power of the Ti:Sa laser radiation there is a significant probability of absorption of a third photon when a high-lying level is excited. The absorption of this photon leads to ionization of the Th + ions to Th 2+ ions [4] . We select the operating parameters of our ion trap so that Th 2+ is not stably trapped. Nevertheless, ionization alone cannot be a confirmation of the high-lying level excitation, because it can also occur as a resonant four-photon process in an N-scheme excitation through levels with an energy of about 20000 cm −1 , listed in Ref. [13] . Th + in the energy range from 7.8 to 9.8 eV, total uncertainties σtot of the energy determination and possible angular momenta. The angular momentum value J = 3/2 is assigned with certainty, otherwise the most likely values of J are given (see text). Levels marked with * were found in the previous investigation [4] with an uncertainty of 0.2 cm −1 and are classified in this investigation. We update the energy value of a previously found level, marked with **. By applying the aforementioned criteria, two-photon excitations to 166 previously unknown high-lying energy levels in the investigated energy range from 7.3 to 9.8 eV are identified and listed in Tab. II. In Tab. III given in the Appendix A a complete list with the successful excitation pathways via the different intermediate levels is provided. We achieve a total uncertainty for the energy determination of σ tot ∼ 0.2 cm −1 , limited by the uncertainty of identifying the center of the Ti:Sa laser spectrum from the wavemeter readout. The energy of a high-lying level is derived as the mean value from the different excitation pathways, weighted with the statistical uncertainty of the individual measurements. The measured center wavelengths of the transitions from the ground state to the intermediate levels mentioned in Tab. I are in coincidence with the values given in Ref. [13] .
In comparison to the previous experiment [4] we see an agreement of the measured energies of these levels, except for one level. The energy of the level marked with ** in Tab. II is measured to be 65738.54 cm −1 , shifted by ≈ 2σ from the previous value. We verified the existence of the level and update its energy to the new value, which is based on the excitations from three intermediate levels.
A level mentioned at 66427.14 cm −1 in Ref. [3] is not observed in our experiment.
IV. DETERMINATION OF THE TOTAL ANGULAR MOMENTA
The observed signal strengths at the applied second step laser intensities in the range of 10 kW/cm 2 are in the range expected for electric dipole transitions [4] . Therefore, we assume that the observed transitions are electric dipole allowed. Selection rules then require this highlying levels to have even parity and angular momenta from J = 1/2 to 7/2, since we are using intermediate states with J = 1/2 to 5/2.
Analyzing the excitation through different intermediate levels allows for the determination of the total angular momentum of the newly found levels. In our experiment high-lying levels with J = 3/2 can be accessed via all intermediate states. These states can therefore be un- ambiguously classified. Angular momenta J = 1/2, 5/2 and 7/2 can only be identified by the absence of excitation through intermediate levels that would not fulfill the ∆J = 0, ±1 selection rule.
In these cases, the absence of a single excitation path does not allow a sure assignment of the J value, as we observe that some high-lying levels can be excited through only one out of two intermediate levels with the same J (see, e.g. level 67577.7 cm −1 , in Tab. III in Appendix A). This is because intermediate levels with the same total angular momenta can have different electronic configurations (see Tab. I) and therefore the excitation probabilities of the high-lying levels can be substantially different. Hence, we require the absence of excitation through at least two intermediate levels with the same J to consider the level not being excitable via this particular J. In all other cases we give the range of possible angular momenta.
Using the same excitation scheme we also determine the angular momenta of levels which could not be classified in Ref. [4] .
V. LEVEL DENSITY CALCULATIONS
To reassure that we did not miss a relevant number of levels in the experiment we calculate the densities of even states in Th + up to 85000 cm −1 using the multi-configurational Dirac-Fock (MCDF) method implemented in a modified version of the Grasp2k package [18] . A detailed description of the methods involved can be found e.g. in Refs. [19, 20] . Thorium in its singly ionized state has three valence electrons above a closed radon core. The basis for our calculations has been set up with single and double excitations of the valence electrons from six reference configurations: 6d 2 7s, 5f 2 7s, 5f 2 6d, 5f 7s7p, 5f 6d7p and 6d
3 . Moreover we add to the basis the configurations produced by single excitations from the core opened up to xenon.
Singly charged thorium is a very complicated system with strong electron-electron correlations. Therefore we cannot expect to reproduce the energies of particular levels accurately, especially for high-lying levels. Instead we compare the number of levels per 5000 cm −1 interval, which can be theoretically predicted with an acceptable uncertainty.
With this setup we achieve a good convergence of the calculated level density, however, it has to be noted that the accuracy of our level energies does not go beyond the chosen 5000 cm −1 energy interval. A comparison of the number of known electronic levels from the database of Ref. [3] , our investigations (including Ref. [4] ) and the ab-initio calculations for even parity levels with J = 1/2 to 7/2 is shown in Fig. 4 . The calculated level density shows a qualitative agreement with the measurements apart from a prevailing shift to higher energies. The most apparent feature of the level density plot is the minimum around 60000 cm −1 . The existence of this minimum comes with an experimental uncertainty, because it lies on the border of the covered energy range of both measurements. Our calculations, however, reproduce this qualitative behaviour, confirming the experimental findings.
VI. CONCLUSION
We have measured the energies of 166 previously unknown high-lying states in the energy range from 7.8 to 9.8 eV in 232 Th + and have determined the angular momenta of many of the newly found levels, as well as for previously unclassified levels reported in Ref. [4] . We furthermore have performed MCDF ab-initio calculations which allow us to predict the electronic level density with acceptable accuracy in the investigated energy range.
The good agreement between measured and calculated level density gives rise to the assumption that most of the even-parity levels with J = 1/2 to 7/2 in the energy range from 7.8 to 9.8 eV were found. with J = 1/2 to 7/2 and even parity in the energy range up to 85000 cm −1 . The calculated level numbers are shown in red, the measured level numbers in blue (Ref. [3] ) and green (this work). No experimental data has been taken above 80000
The resonant excitation of the nuclear isomer through high-lying levels in 229 Th + is expected to be enhanced compared to the direct optical excitation [8] [9] [10] 21] . In comparison to the investigated energy range in the previous experiment [4] and ab-initio calculations [15, 22] , the level density measured in this work is significantly higher. Therefore we can expect an increased excitation probability for the nuclear isomer via these newly found high-lying levels. [4] (marked with "*"). The symbol "x" marks levels which are successfully excited via the specified intermediate level and the symbol "-" denotes that no excitation is observed. If no symbol is given, the excitation has not been checked. Where possible, the levels are given with their total angular momenta derived from the experiment. The energy of the level marked with ** from Ref. [4] is updated. Levels with angular momentum J = 3/2 are classified unambiguously.
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